The flux pinning mechanism of BaFe 1. 9 Ni 0.1 As 2 superconducting crystals have been investigated systematically by magnetic measurements up to 13 T at various temperatures. The field dependence of the critical current density, J c , was analysed within the collective pinning model. A remarkably good agreement between the experimental results and theoretical dl pinning curve is obtained, which indicates that pinning in BaFe 1. 9 Ni 0.1 As 2 crystal originates from spatial variation of the mean free path. Moreover, the normalized pinning force density, F p , curves versus h ¼ B/B irr (B irr is the irreversibility field) were scaled using the Dew-Hughes model. Analysis suggests that point pinning alone cannot explain the observed field variation of F p . V C 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4813113] Study of the vortex mechanisms in pnictides is crucial for practical applications due to relatively high critical temperature, T c , high upper critical field, 1 B c2 , high J c , very high intrinsic pinning potential, 2 and nearly isotropic superconductivity 3, 4 of these compounds. The 122 family, AFe 2 As 2 has attracted great interest for the study of superconducting properties due to their simple crystal structures and possibility of growing large single crystals. 5, 6 For some superconductors, the J c obtained from magnetic hysteresis loops (MHLs), increases with magnetic field after the first peak of penetration field. This is the so-called second magnetization peak (SMP) or fishtail effect. In conventional low temperature superconductors, e.g., MgB 2 , 7 Nb 3 Sn, 8 etc., SMP corresponds to a hump feature in J c (B) far below the B c2 while peak effect (PE) is realized to happen near B c2 . 9 It is suggested that the PE is associated with the rapid softening of the flux line lattice. 10 In high temperature superconductors, different mechanisms including inhomogeneity of the sample, 11 Dynamic effects, 12 structural phase transition in the vortex lattice, 13 vortex order-disorder phase transition, 14, 15 and cross over from elastic to plastic creep 16 There are two main pinning mechanisms in type II superconductors: (I) dl pinning from spatial variation in the charge carrier mean free path, l, and (II) dT c pinning due to randomly distributed spatial variation in T c . It has been reported that strong pinning centres in PrFeAsO 0.9 and NdFeAsO 0.9 F 0.1 arise from oxygen deficiency and dopant atoms, which results in pinning by local variations in the mean-free path. 29 Strong intrinsic pinning due to structural domains in the superconducting orthorhombic phase 30 of Ba(Fe 1Àx Co x ) 2 As 2 is also observed. Similar results were found for BaFe 1.8 Co 0.2 As 2 , where the temperature and field dependence of J c were attributed to the inhomogeneous distribution of Co atoms. 31 Furthermore, It has been suggested that the very large J c and fishtail effect at high temperature below T c in Ba 0.6 K 0.4 Fe 2 As 2 had originated from the smallsize normal core pinning centres. 23 In this work, we present a systematic study of the flux pinning mechanism of BaFe 1.9 Ni 0.1 As 2 crystals.
Single crystal of BaFe 1.9 Ni 0.1 As 2 was prepared by a selfflux method. 32, 33 For magnetic measurements, the as-grown single crystal was cleaved and cut into a rectangular shape. The present BaFe 1.9 Ni 0.1 As 2 sample has dimensions of 1.56 Â 2.82 Â 0.06 mm 3 . Magnetization loops were collected in different magnetic fields with B//c and at temperatures down to 3 K using a superconducting quantum interference device vibrating sample magnetometer (SQUID-VSM, Quantum Design).
The inset of Fig. 1 shows the temperature dependence of the magnetization measured after zero-field-cooling (ZFC) and field-cooling (FC) of the BaFe 1.9 Ni 0.1 As 2 crystal, with a field of 200 Oe for B//c. The T c of 17.7 K was determined from the onset of the transition. The MHLs of the BaFe 1.9 Ni 0.1 As 2 crystal at 3 K < T < 15 K for B//c, are shown in the main panel of Fig. 1 . The almost perfect symmetry of the MHLs with respect to the x-axis indicates that bulk pinning is dominant. 25 The minimum in the magnetization, which is located slightly above zero field in a given MHLs, characterizes the onset of SMP. At this field, the applied magnetic field penetrates completely into the bulk sample after ZFC. 34 The SMP can be observed at all temperatures below 15 K, similar to the behaviour of (Ba,K)Fe 2 As 2 (Ref. 23 ) and BaFe 1Àx Co x As 2 crystals. 31 Arrows indicate the onset ðB 8 the PE occurs at a field close to the B c2 . It is believed that the PE is associated with the metastability of an underlying first-order vortex melting transition, where softening of the vortex due to the thermal fluctuation leads to a better accommodation of the pinning centres by the vortex lattice. 8 This explanation of the PE in Nb 3 Sn does not appear to be applicable to the PE observed in cuprates and pnictides, in which PE occurs far from the normal phase boundary. In the case of cuprates, it has been suggested that a first-order disorder driven transition is responsible for SMP. 35 Salem-Sugui, Jr. et al. 36 studied the vortex dynamics of an over-doped BaFe 1.82 Ni 0.18 As 2 crystal by measuring flux creep over the SMP and suggested that the SMP could not arise due to the softening in the vortex pinning prior to melting nor from a change in the pinning regime within a collective model. Also, their study of an optimally doped BaFe 1.9 Ni 0.1 As 2 crystal did not show any evidence of a pinning crossover occurring near the SMP of the MHLs. 25 Magnetic studies by Prozorov et al. 21 and Shen et al. 20 interpreted the SMP as signifying a crossover from elastic to plastic vortex creep. The same result was obtained by Kopeliansky et al., who suggested that the SMP is associated with a vortex structural phase transition from a rhombic to a square lattice. 22 The, J c , values were extracted from the MHLs, using Bean's model, 37 where J c (B) ¼ 20 Â DM(B)/(l(1 À l/3w)), with l and w being the sample dimensions perpendicular to the applied magnetic field, l < w, and DM is the width of the hysteresis loops. Figure 2 shows the field dependence of J c at different temperatures for B//c. The obtained value of J c ¼ 0.14 Â 10 6 A/cm 2 at zero field and T ¼ 10 K is comparable with the reported value of J c ¼ 0.23 Â 10 6 for the optimally doped sample. 19 The inset of Figure 2 . 38 It is likely that the SMP has the same mechanism in both compounds. 23 In Fig. 3 20 The dashed lines represent the fitting curves using B (T) ¼ A (1 À T/T c ) n , with n being a fitting parameter. All the curves were well fitted using the expression with n ¼ 1.9 for B onset SMP and n ¼ 1.4 for B peak SMP and B irr . These values are similar to the values obtained for BaFe 2Àx Co x As 2 crystal. 20 In order to assess the nature of the pinning mechanisms in more detail, it is useful to look at the variation of the vortex pinning force, F p ¼ B Â J c , with the magnetic field. In Fig. 4 , we plot the normalized pinning force, The B irr is estimated using the criterion of J c < 100 A/cm 2 . It should be noted the scaling of the normalized pinning force is done based on the reduced field by B irr with h ¼ B/B irr instead of B c2 with h ¼ B/B c2 due to the facts that the difference between B c2 and B irr is sizable, and is more significant at low temperature regime in the case of pnictides, MgB 2 and cuprates. 7, 29, 32, 38, 39 The temperature dependence of B c2 and B irr obtained from q-T curves (see the inset in Fig. 3 ) clearly reveal the B irr is far below the B c2 . Note that all the F norm p curves for 9 K T 14 K collapse into one unified curve. We fit these data using the Dew-Hughes formula, 40 where p and q are two parameters whose values depend on the origin of the pinning mechanism. The Dew-Hughes fit is shown by the black dashed-dotted line in Fig. 4 with p ¼ 2.01 and q ¼ 2.96. The value p/(p þ q) % 0.4 matches well with the peak positions in the F norm p versus h plots. According to the Dew-Hughes model, in the case of dl pinning for a system dominated just by point pinning, p ¼ 1 and q ¼ 2, with F norm p occurring at h max ¼ 0.33. Pinning due to grain boundaries leads to h max % 0.2, while in a system in which variation in the superconducting order parameter controls the pinning mechanism, h max % 0.7. 40, 41 In the case of dT c pinning, the maximum of F p is expected to be located at higher h values. For example, for point pinning, the maximum is expected at h ¼ 0.67 with p ¼ 2 and q ¼ 1. For surface pins, the maximum exists at h ¼ 0.6, p ¼ 1.5, and q ¼ 1, and for volume pins, h ¼ 0.5 with p ¼ 1 and q ¼ 1. In our case, h max ¼ 0.4, indicating that point pinning alone cannot explain the pinning mechanism in the BaFe 1. 9 23 In the case of BaFe 1.8 Co 0.2 As 2 , a peak at h max % 0.45 was suggested to be related to the inhomogeneous distribution of Co ions. 31 In particular, the fact that, in our case, the maximum in F p occurs at h < 0.5 indicates that the pinning centres in BaFe 1.9 Ni 0.1 As 2 are of the dl type, while for dT c pinning, it is expected that the maximum would occur at h > 0.5.
With the aim of understanding more about the origins of the pinning in BaFe 1.9 Ni 0.1 As 2 crystal, the experimental results were analysed using collective pinning theory. According to the theoretical approach proposed by Griessen et al., 42 in the case of dl pinning,
, while for dT c pinning,
, where t ¼ T/T c . It should be noted that the flux pinning is two dimensional in such thin film, as the correlation length along the flux lines exceeds the film thickness. 43 In summary, we have observed the SMP effect in BaFe 1.9 Ni 0.1 As 2 crystal. The onset and peak positions of the SMP move to lower magnetic field as the temperature is raised. Analysis using the Dew-Hughes model suggests that point pins alone cannot explain the observed field variation of the pinning force density. The maximum in F p at h < 0.5 indicates that the pinning centres in BaFe 1.9 Ni 0.1 As 2 are of the dl type, while for dT c pinning, it is expected that the maximum would occur at h > 0.5. In addition, a good agreement between experimental and theoretical fitting using dl pinning is obtained based on collective flux pinning model. 
